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i’ The heat transfer mechanisms taking place in the flow

e induced behind a shock wave travelling across a flat plate
R

O\

&ﬁ were investigated for flat plates with sharp and rounded
AU

Ny

ﬁq leading edges. The boundary layer behind the shock is

kﬁ: described by a transient boundary layer followed by a

o

Q&’ steady-state boundary layer as the effects of the leading
.0'..l

K ' ; i

; edge are transmitted downstream. The use of a multichannel
ﬁ% high speed transient data recorder allowed thin film heat
l"..'

m*' transfer gages at up to eight axial locations along the

L

th

';" length of the flat plate to be simultaneously sampled. Heat

it transfer rate histories for each axial location were time
o correlated to the same flow conditions. The results indicate

the existence of a threshold free stream velocity (relative

,m to the plate) above which yields transition times, for all

0t

NG

Iﬁ. locations along the plate, which are confined to some

o.:,*

.) narrow interval. The leading edge disturbance appears to have

no influence on transition. For Mach numbers below 1.22, the

fﬂ? sharp edge flat plate experienced heat transfer rates in
MY

) excess of theory, but the rounded edge flat plate exhibited
4

3
% data which matched or was less than what theory predicted

. A

3 . .
:.E for each Mach number tested. The sharp edge flat plate data
o LK

| X showed a consistent correlation between heat transfer
oW
;?: magnitude and axial location on the plate; with limited data,
0

93 the rounded plate showed no such correlation.
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INVESTIGATION OF HEAT TRANSFER

TO A FLAT PLATE IN A SHOCK TUBE

I. Introduction

Turbine blade heat transfer is a topic of prime interest
in the aerospace community today. Studies in this field often
utilize shock tube facilities since the shock tube provides a
means to simulate turbine flow conditions. Dunn (1981)
performed such a study utilizing turbine blades instrumented
with thin film heat flux gages. Fillingim (1985) also
conducted turbine blade heat transfer research but did not
produce conclusive results; it was believed that complexities
in the flow geometry (associated with the turbine blade
cascade) and in the instrumentation system hindered his
efforts to provide useful heat transfer information. In an
effort to simplify the flow geometry and perform initial
studies which are requisite to better understanding turbine
blade heat transfer, Smith (1986) performed limited research
on the heat transfer to a sharp leading edge flat plate in a
shock tube. Clearly, in order to relate the results from such
a study to the turbine blade geometry, the transient boundary
layer generated by the passing shock wave must be well under-
stood; much of Smith’s work was concerned with this. The

purpose of the present investigation is to further study flat
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plate heat transfer by using a shock tube under varying flow
conditions for two leading edge geometries in an effort to
ultimately provide a better understanding of the heat

transfer mechanism associated with turbine blade research.

Background

Consider a flat plate suspended in a shock tube and
surrounded by undisturbed (still) air. A normal shock wave
moving down the shock tube passes over the flat plate,
impulsively starting to move the fluid with a velocity, Uw,
in the direction of the moving shock. As explained by Abbott,
Walker and Liu (1973), the +iscous flow in the boundary
layer on the plate is characterized by two distinct regions
(see Figure 1). At any position x on the plate (and any
position y above the plate) the disturbance propagates with
the local velocity u(x,y,t), with the maximum downstream
disturbance travelling at velocity Ue at the outer edge of
the boundary layer. For x>Ugxt, the flow is unaware of the
presence of the leading edge and in this region (denoted by
T, for transient) the solution is given by Mirels (1956) for
the boundary behind a normal shock advancing along an
infinite flat plate. For x<U,t there is a region of
interaction between the downstream influence of the leading
edge and the boundary layer created by the passage of the
shock wave. It has been found that both upstream and
downstream boundary conditions must be utilized to solve the

problem in this region (Abbott, Walker and Liu, 1973:463).
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For very weak shock waves, this problem is identical to
K the impulsively started semi-infinite flat plate problem
studied by Stewartson (1951). To summarize his discussion,

Stewartson found that at «=x/Ug,t=1,there is an essential

- -
A

singularity of the boundary layer equations such that the

solution for «<1 is not an analytical continuation of the
solution for «>1, although all derivatives with respect to«

are continuous at «=1. At any specific location, the value

T e el w ®

%=1 corresponds to the first time that the flow is aware of
3 the effect of the leading edge.
) Lam and Crocco (1958) first studied the present
problem but were unable to obtain convergence of their
. numerical procedure. Felderman (1968), using the same
procedure as Lam and Crocco, utilized weighting factors to

‘obtain a convergent solution to the iteration scheme. He

also observed that the flow region behind the shock wave

» an_ ob

becomes steady at some time based one . Davies and Bernstein

" (1969) studied the problem of heat transfef and transition

to turbulent flow in the shock induced boundary layer and

found that for «€<0.3, the flow is substantially steady.

‘ Abbott, Walker and Liu devised a finite differencing scheme

' that successfully converged to a solution and closely matched
Felderman's data and that of Davies and Bernstein regarding the
elapsed time for the plate heat transfer to reach 95% of the
steady state value for any location x on the plate surface,

i Dillon and Nagamatsu (1984) measured the heat transfer

‘ to a shock tube wall behind a passing shock wave. They
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obtained excellent agreement between their experimental data

and Mirels’ theory for the laminar transitional boundary
layer, as well as between their turbulent-data and

von Karman’s theory for incompressible turbulent boundary
layers. In approximately 20% of their tests, "turbulence
bursting” of the laminar flow was evident. Brostmeyer and
Nagamatsu (1984) used a reflected shock wave to create a
high enthalpy, low velocity flow across a blunt (rounded)
leading edged flat plate. Their data matched Mirels' theory
very well for laminar flows and their turbulent data was a
close match to theoretical turbulent values. Fillingim (1985)
investigated the heat transfer to a flat plate behind a
shock wave and obtained results which were a good match with
Mirels’ transient theory. But his turbulent

experimental data did not consistently match turbulent
theoretical values. Smith (1986) did a similar study and I
obtained close agreement with Mirels' laminar theory, but

his turbulent data produced heat transfer values which were
much higher than predicted by theory. He concluded that for
each location along the flat plate, the flow transitioned to
turbulent conditions at a common time relative to shock
passage as long as the axial locations were at a "sufficient"”
distance from the leading edge to preclude any leading edge

influence on transition.

Qbjectives and Scope

The purpose of this study was to investigate the heat

transfer to a flat plate due to the flow induced by the
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passage of a shock wave. The specific objectives were as
follows:

1. For a sharp leading edge flat plate, obtain and
examine time correlated heat transfer data for insight into
boundary layer heat transfer and transition.

2. For varying flow conditions, investigate
experimental heat transfer magnitudes in an effort to better
understand the heat transfer mechanism associated with flat

plates with sharp and rounded leading edges.

This study was performed utilizing a high speed
multichannel transient data recorder. Many previous heat
transfer studies of this kind have been limited by the
relatively few data points available through digitizing
oscilloscope traces. The instrumentation system used here
allows for simultaneous collection of eight channels of déta
sampled at two microsecond intervals, providing a capability
to almost continuously record data in an effort to
understand the mechanism of transient heat transfer.

Atmospheric air was the medium of study. Although the
range of shock Mach numbers used in this study was quite
limited (approximately 1.1 to 1.6), the pressure ratios used
varied considerably (1.6 to 9.4), allowing for a fairly wide
range of flow conditions. Free stream velocities, relative to
the plate, varied from 198 ft/sec to 936 ft/sec. Steady
Reynolds numbers, defined ahead by Eq (10), ranged from
1.9x10° to 1.3x107 and transient Reynolds numbers, defined

ahead by Eq (18), ranged from 1.9x10Y to 9.2x10%.
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I1I. THEORY

Shock Tube Principles

The high temperature, high pressure flows required for
this investigation were produced using a shock tube
consisting of a high pressure driver section and a lower
pressure driven section separated by a diaphragm (see
Figure 2). The gas located in the higher pressure section is
defined as the driver gas and all properties of that gas are
identified by region 4. The lower pressure gas on the other
side of the diaphragm is defined as the driven gas whose
properties are identified by region 1. The gases of both
regions initially have no velocity.

When the diaphragm is ruptured, pressure waves emanate
from the diaphragm’s original position and a number of
distinct regions appear within the shock tube. Figure 2(b)
illustrates four of these regions. In the direction of the
driven gas the pressure waves, continually propagating into
a gas of increasing sonic speed, quickly coalesce to form a
shock wave that moves down the tube. As the shock wave moves
through the driven gas, the gas properties are changed from
those identified by region 1 to those identified by region 2.
The new properties can be determined with normal shock
relations. The gas rises to temperature T,, is compressed to
pressure P, and given a velocity U, as a result of the
passage of the shock wave (the property changes take place

instantaneously and non-isentropically).
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In the direction of the driver gas the pressure waves,
travelling into a cooling gas of continually decreasing
sonic speed, expand and spread with time forming a rarefaction
wave. Similar to shock waves, a rarefaction wave changes the
properties of the gas through which it is moving; region 4
properties are changed continuously and isentropically to new
properties identified by region 3. The pressures and
velocities in regions 2 and 3 are identical, but the
temperatures in the two regions differ due to the non-
isentropic compression forming region 2 versus the isentropic
expansion forming region 3. The temperature discontinuity
location is defined as the contact surface and propagates
at a determinable rate down the shock tube.

Figure 2(c) shows region 5 which is formed after the
shock wave reflects from the closed end of the shock tube,
and region 6 which is formed after the rarefaction wave
reflects from the other end of the tube. The properties
associated with regions 5 and 6 can be determined from
normal shock relations and rarefaction wave relations,
respectively. Gaydon and Hurle (1963) and Glass (1958) may
be referenced for additional information on the subject of
shock tube physics.

After the diaphragm is ruptured, the shock wave moves
through region 1 at a speed which is determined by the
pressure ratio across the diaphragm and the temperature in

region 1. The shock wave's Mach number (Ms) can be found

by the relatjon {Chapman and Walker, 1971):
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(1)

(L(K_:-!f) (-%K%.\ Mg - \)( SKH““S ‘2)-“/“-'

Mg

where Py is the driver gas pressure, P; is the driven gas
pressure and k is the ratio of specific heats.

The conditions of region 2 are of primary interest for
this study. The properties of region 2 can be determined from
the known properties of region 1 and the value of M by the

relations (Shapiro, 1885:1001-1002):

Iz -

.133‘: = K+\ (Ms l) (2)
2(K~1) - -~ ’

% = I+ s [K (K-‘)] (3)

U= &) - s @

where T and T, are static temperatures, P, and P, are
static préssures, c, is the speed of sound in region 1 and
U, is the velocity behind the shock wave.

Shock tube studies are limited in available test time,
as can be seen by Figure 2(d). For any test point x, the gas
properties at that point will remain unchanged for only a few
milliseconds after the diaphragm is ruptured. Once the
shock wave passes the test point, gas properties will remain

constant until either the reflected shock wave or the contact
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o surface arrives at the test point. The passage of the
)
¥
el incident shock wave and the arrival of either the reflected

shock wave or the contact surface determines the available

%: test time.
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F\ Boundary Layer Theory

g§3 The boundary layer formed behind a normal shock moving
 ?‘ along a flat plate is illustrated in Figure 1. Since the
Sﬁg shock wave imparts a velocity, Ux, to the gas through which
f&: it is moving and since the velocity at the surface of the
k$ flat plate is zero, steep velocity gradients exist over a

i

‘: very thin region of space above the flat plate. As the

ﬁ?v shock wave moves to the right, it creates a transient

§; disturbance or boundary layer that extends away from the

. plate. This transient boundary layer is similar to, but

&0

é’ slightly thicker than one which is formed by an impulsively
‘W
h{' started flat plate (Schlichting, 1979:441). The equations for
i
ij* this boundary layer were developed by Mirels and will be
.'I

A discussed later.
NN
K- The boundary layer is formed by disturbances originating
AP :

® from all postitons on the plate from the leading edge to the
S

‘ﬁl moving shock. As time progresses, the boundary layer

{ﬁt thickness at any plate location is increasingly influenced by
‘j the disturbance coming from the leading edge of the plate and
4284

oy less from the transient disturbance created behind the

X
D5

Q; moving shock wave. Blasius (1908) determined the governing

"
2 equations for the region where the leading edge disturbance

W
"

%‘ is dominant. It should be noted that the transition from
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TS laminar to turbulent flow can occur in the transient

) )

e

Sﬁ@ disturbance region or in the region dominated by the leading
e 0y

N )

’ '( edge disturbance.
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S Heat Transfer

AR R

ey

ot One of the important goals of this study is to better
)

]ﬁ@: understand the boundary layer / heat transfer mechanism

Wl

h?; behind an incident shock wave. In order to be able to

',0.'.0

?ﬂﬁ predict what kind of heat transfer rates to expect behind
:@3 such shock waves, it is necessary to compare experimental

(]

i'.. (}

‘wh' data with theoretical predictions associated with each of the
").:'l

',,'ﬁ (K)

ﬁ*b boundary layers previously mentioned. This, hopefully will
Q :

e give interested parties some indication of how to predict

) el 3

L)) ‘-\h‘.

ajg heat transfer to vital components subject to high speed

%)

.ﬁ

9% flows.

. {

ﬁ?ﬂ The equations presented in this section, when used with
Wiy

o ! Egqs (2), (3), and (4), provide theoretical heat transfer

QI

)

Mt results to be compared with experimental data. The steady
<.{ boundary layer equations will be summarized first, followed
oy

:fﬁ by the transient boundary layer equations.

Etn

:' The equation which determines the rate of heat transfer
NI

yf to the flat plate for a high speed flow is given by (Kays and
0

[}

ﬁ,ﬁ Crawford, 1980:299):

":0 h

0. =h (T -T ) (5)
'g.? %y 'Y [ YA W

s

)

me' where hy is the local heat transfer coefficient, Ty, is the
"0.. ..Q

) adiabatic wall temperature and T, is the temperature of the
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flat plate. The adiabatic wall temperature can be found by

(Kays and Crawford, 1980:297):

= U
Tu.u T.. + rﬂ; (6)

where Ty is the free stream static temperature, cp is the
constant pressure specific heat, Uy is the free stream flow
velocity and r is the recovery factor.

The heat transfer coefficient in Eq (5) can be obtained
from the local Nusselt number (Nuy), position from the
leading edge (x), and thermal conductivity (k) by:

Nw. K
h= = 7)

where for laminar boundary layers

Nu, = #.332 Re‘('npr*p”) (8)

and for turbulent boundary layers
8 .
Nuw, = ¢.¢287 Re." ’Pr‘“’) (9)

The Reynolds number for Eqs (8) and (9) is given by:

R& = v_x (10)

3

where v is the momentum diffusivity (kinematic viscosity) and
x is the distance from the leading edge. All properties used

in Eqs (8), (9), and (10) are evaluated at a reference
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' temperature defined by (Kays and Crawford, 1980:304):

.
N
"\
L]
. * T..*Tw
* — — 2 -—
} T2 =52 + ¢.22(T" ) (11)
)
.
%' This reference temperature is to account for temperature
L]
; variations through the boundary layer. The recovery factor r
A .
. used in Eq (6) has the value of the square root of the
-
:: Prandtl number for laminar flow and the cube root of the
4
o Prandtl number for turbulent flow. Properties denoted by the o
N
Ry subscript can be obtained from Eqs (2), (3), and (4) where
W
)
§ the subscript 2 corresponds to the m subscript. Equations (5)
.3 through (11) were used to develop the theoretical steady
L4
o heat transfer solution to be used in comparison with the
.
»” .experimental results.
F The unsteady laminar heat transfer solution is obtained
o from theory developed by H. Mirels (1955). According to
)
- Mirels, when the Prandtl number of the gas differs little
f: from unity, his transient boundary solution can be
= approximated using the equations that follow.
0
.
D> The heat transfer equation for the unsteady boundary
@
{. layer is given by Eq (5) with the adiabatic wall temperature
h defined by Eq (6) or by (Schlichting, 1979:442-443):
i
) - K-t pa 2
W T;w-—- TN(‘-\'—Z—M“,P) (12)
)
Y
15
‘\
; where M, is the free stream Mach number behind the shock !
;: wave and r is the recovery factor given by:
k-
L
S
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L o’
2 r= P(‘ (13)

¥ with

¢.62.
ot = 937 = ——
) = ¢ Q_ (- (G /) (14)

) where Uy is the free stream velocity and Ug is the velocity
p of the incident shock wave.
For the unsteady boundary layer, the heat transfer

coefficient magnitude used in Eq (5) is given by:

_ NuyK
§§ hE (1)

L
- where Nuy is the unsteady local Nusselt number, k is the
O
%& thermal conductivity, Uy is the free stream velocity and t is
4
)
M
] the time after shock passage. The unsteady local Nusselt
t.':
l?“i
D) number can be written as:
3
)
Y Nu,= §.5 C Re P> |
\'5 u‘x- ‘ ; o (16)
‘ﬁb
A
() where C; is the local skin friction factor defined by:
/-,
A0 ISR
_.-I‘_" [} Io |28 U..
20 C, = —=mlt—-p= (17)
U,;. ‘F Rg US
TE
0.
U
oy —
b, = ¢.37S
g p=4¢

iy
g 3

and where Re is the local Reynolds number defined by:
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( T
f: Re = U;J‘ (18)

where t is the time after shock passage, U, is the free

o~ s
-

stream velocity and y;, is the momentum diffusivity evaluated

-~
-

at the wall temperature. It should be noted that the

- -~

S ) P n

characteristic length for the steady Reynolds number is

defined as Ugt in the unsteady definition.

TN e

The exponent of the Prandtl number in Eq (16) is given

; by:

~

" _ .62

C AE SN S T (19)

-; Equations (12) through (19) were used to calculate the

: theoretical heat flux values for the unsteady laminar region

15 immediately following the shock wave, with all properties

s evaluated at the temperature of the flat plate.

: The theoretical unsteady turbulent solution was found

i by first using the unsteady Reynolds number, from Eq (18),

é in Eq (9) to calculate the local turbulent Nusselt number,

: evaluating the properties at the wall temperature..The

;7 local heat transfer coefficient was obtained from Eq (7) and
the heat flux was obtained from Eq (5).

¢

- Heat Transfer Measurement

ﬁ By using fast response thin film heat transfer gages and

¢ a semiconductor thermocouple, the time history of the flat

§ plate’s surface temperature was recorded. The heat transfer

Pl 16
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%

,& rate, q, to the flat plate was calculated utilizing this time
]

Q)

'ﬁ history of temperature in the manner described below.

n)

- The gages mentioned above utilize a thin film of

Er.

o

%: platinum vapor deposited on an insulating substrate with
’Q

&f known thermal properties. For the purpose of calculating heat
*b transfer, this substrate was modelled as a semi-infinite slab
T

;$: as shown in Figure 3.

' {
’ .

. —_— q = heat transfer rate

; 0 N Gage k = thermal conductivity
% i Substrate p = density

"" q —> c = specific heat

o > X T = temperature

A ? t = time

o T(x,t)

ig¥

 &

(-

A

‘!

! Figure 3. Heat Transfer Model for Gage Substrate

G

o

2§: Assuming constant substrate properties, the energy

)

12 equation can be written:

NN

4o

i AU _ k. 3Ty 209
K at PCe  In:

®

N

o

L~

Yo with the boundary conditions

0.

Tog)=¢ x¢

% g =~k AT /ax | 43¢

"

ol TeH =@ ,x—>ow +>¢

: {Bogdan and Garberoglio, 1967; Kendall and Schulte, 1968).
.
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The solution results in the relation:

+ {3 -4+
46t = %_(P_;e_%)‘“[m +-,';S 2l ki 653 dc} 21)
()

-

where T is the substrate surface temperature and ¥ is an
integration variable. Therefore, the heat transfer for the
flat plate can be calculated by knowing T(t). The
thermocouple used in this study produces a voltage which
could be read directly. The thin film heat transfer gages
change resistance with change in temperature. By utilizing a
Wheatstone Bridge circuit, a voltage output was produced
which was proportional to the resistance change and hence the
surface temperature of the gage.

Cook and Felderman (1966) developed a numerical relation
using a finite differencing scheme to approximate the

integral in Eq (21). It can be written as:

t. (o) N )~ ]
qlz.) = 2 (& ") :‘,,} +Z [ e :;:-'Q.)*]

(22)

This relation makes no assumptions about the form of the
temperature function and its accuracy is limited only by the
size of the discrete intervals into which the known
temperature history is divided. This method treats the data
as a piecewise continuous linear function.

Bogdan (1963) found that the first term of Eq (22),

Pcpk)'h'
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W can be treated as a constant for quartz-based heat flux
b gages {(such as were used in this investigation) for the

range of temperatures used in this study.
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II1. Experimental Apparatus

Hardware

Shock Tube. The primary investigative tool of this

study was the AFIT rectangular shock tube. It was 19.5 feet
long with the driver section spanning the first four feet
and the driven section encompassing the remaining 15.5 feet.
The test section was located in the last 3.5 feet of the
driven section. The internal cross section of the tube was 8
inches by 4 inches. The driver section and the driven
section were separated by a Mylar diaphragm with thicknesses
varying from .001 inches to .012 inches, depending on the
pressure ratios being used. Ordinary laboratory compressed
air was used to pressurize the driver section and, for some
tests, a vacuum pump system was used to evacuate air from the
driven section in order to produce changes in Reynolds
numbers without neqessarily changing the pressure ratios. A
pressure gage, calibrated from 0 to 200 inches of mercury
mounted to the shock tube control panel, was used to monitor
the driver pressure and a differential manometer indicated
vacuum pressures in the driven section. A pneumatic plunger

mounted in the driver section was used to rupture the Mylar.

Ingstrumented Flat Plate. An instrumented flat plate
26 inches long, 4 inches wide and .5 inches thick was
installed on the test section centerline. One end of the flat
plate had a sharp leading edge, defined by a 20 degree

diagonal from the top surface to the bottom surface. The

20
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i) other end was rounded, semicylindrical in shape. The majority

e of the testing was done with the sharp edge acting as the

f leading edge, but some testing was performed using the

%' rounded edge forward. The leading edge of the plate was 12
5 feet and 4 inches from the Mylar diaphragm. Figure 4 shows
'ﬁ the layout of the testing apparatus.

:

:& Instrumentation

:? Waveform Recorder. The Datalab DL1200 Multichannel

ﬁ Waveform Recorder was the heart of the instrumentation

.

% system. It was an eight channel, digital transient recorder
': with which voltage inputs were recorded in the same manner

s

»& as is done with an oscilloscope, except that the input

3 voltage was given a digital value rererenced against a user
. selected voltage scale. Each channel was connected to a heat
‘it gage through an amplifier / Wheatstone Bridge circuit or a

% thermocouple / amplifier input. The voltage on each channel
0 was sampled simultaneously at 2 microsecond intervals. These
?, digital values, 4096 samples per channel, were stored in a

S memory buffer until they were dumped to a floppy disc via a
o Hewlett Packard 9836 computer. The test time, on the order of
ii 4-6 msec, was established by the shock tube steady flow

L conditions behind the incident shock as indicated in Figure 2.
‘: Heat Flux Gages. Thermal Systems Incorporated Model

3: 1471 Miniature Heat Flux Gages were used to measure the

k surface heat flux. Each gage consisted of a 4-6 ohm thin film
" platinum resistor mounted on a .06 inch diameter by .03 inch
)

;
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thick pyrex cylinder, with very fine gold leads extending

from the platinum surface. A schematic of a single gage is

shown in Figure 5.

Platinum

Thin Film
Gold
Leads

Quartz

Base
La————————¢>| *5_—¢ﬂ
.060 in

.030 in

Figure 5. Heat Flux Gage

Sixteen of the gages, each with a sensitivity on the order

of 0.005 ohms/F, were flush-mounted down the centerline of the
flat plate, 2 inches from the shock tube wall on each side.
This precluded any influence on the boundary layer at the
center of the plate from the tube walls. The first and last
gnges were located 2 inches from their respective ends of the
flat plate. All gages were 1.1 inches apart with the
exception of gages 8 and 9, which were 1.9 inches apart.
Since only eight channels existed on the waveform recorder
and since not every gage was functional during the entire
testing period of this study, it was not possible to utilize
all 16 gages for each data run. The specific gages used for

erach test are listed in the first paragraph of Chapter V., The

oulput signal from these gages was processed through a




L

u& Wheatstone Bridge / amplifier circuit before being stored
v in the waveform recorder.

l..l 3

Y

s Wheatstone Bridge / Amglifier. Processing of each heat

gage signal was accomplished using a Wheatstone Bridge /

o,

-,

% amplifier module built by Transamerica Instruments. The high
gé thermal resistivity of the thin film platinum resistor was

\ﬁ utilized by making each gage one leg of a Wheatstone Bridge
%g (PSC 8115 Bridge Supply Module). The resistances of the fixed
;b legs of the bridge were nearly =qual to that of the gage,

fﬁ' maximizing the sensitivity of the bridge. Since the surface
fg temperature changes of the gages were small, the resistance
~; changes were small, preserving the linearity of the bridge.

Amplification of the bridge output by a factor of 1000 was

-

R

accomplished by using a PSC 8015-1 High Gain Differential

o " -

Amplifier. Figure 6 illustrates one gage / bridge /

AT

i amplifier circuit. One such circuit was required for each
:ﬂ heat gage. "

‘J Thermocouple. A single thin film Germanium Surface

:g Thermocouple was flush-mounted on the flat plate. Located
:é parallel to gage #1, it was used during almost all tests

3 when the sharp end of the plate was forward. The excellent
Ei response characteristics and high sensitivity (1.02 mV/F)
 § made this gage very useful as a check of the heat flux gage
.3 responses and as an independent data source to aid in

-E verifying the bridge / amplifier circuitry. Details of the
s

;g thermocouple design were given by Gochenaur (1984). Output
fj: amplification of 1000 was produced utilizing an Analog

-

2

! :: 24

f:

Y e S e




e e A A e s TR T T TR T T -—
Y

‘5"'

-,

e

l"

R

R

.’

i

»

o

gy

J

R 2 5

. =R oy

- O R &

} N3O
— Q

‘. - <>c 43}

"g o=z

4§

'y,

W

)

o

L7

N

.y

PR

b

’

Fu
A o
] (3]
P - 1]
< -
'. o [63] (&)
L | =
wn Z W - t
A — L] =) [}
) O XL (@) ot
Ny, 00 L] = = 4y
4 S g | e
S U o —
A [ E 48] o
) s a — E
"‘e [ | ~
i = ©
[ z &
o o
R X, ~ -:
b 43} =)
i =) o
"& a @
[y a4 S}
P o +
0
FuY
e = =
b Zgnd :
A5 Qa2 £
’ RS
oy
'\ amm= <
o, o
d ~
£ =
A %
5% el
o =
5«
*y
'
4
b

»
] cx53
) W<
X TS
=,

Q!.. .n 0. !. 2, .-? o .h e .' e a'o" 'o o .u’m A '. Bt .00 .o"-c "‘.‘ "" '.’A'oo'



L}
]
'V; Device Model AD524B instrumentation amplifier and the

ag resulting signal was sent to the waveform recorder.
h )
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a. IV. Data Collection and Data Reduction
nhy Data Collection
l.'l:
a% The integrated data collection / reduction system is
R0
o
#% shown in Figure 7. A Hewlett Packard 9836 computer was used
\
‘}{ to interface with the waveform recorder and a Hewlett
£
N Packard 9874A Digitizer. The interface to the waveform
04
Pk recorder was accomplished using Datalab Products MALPAK3
Ry software, enabling the output traces of the heat gages to be
‘l
Wy
‘ﬁ stored on disc for future data reduction.
Y
‘f."‘
:‘ All equipment was operated for a sufficient time prior
Iy
N to data collection in order to stabilize system temperatures.
o
1
"ﬁ The Wheatstone Bridges were mechanically balanced using the
;" modules’ internal variable potentiometers and using the
n
:25 modules’ electronic balancing feature. Also prior to each
L) .
&‘ run, pertinent data such as temperatures and pressures were
.‘.I
f) recorded using the MALPAK3 software.
A
ﬁ& The bridge / amplifier modules included a feature which
¢
e »
{J' allowed filtering of the signal coming from the gage. After
Y,
P much experimenting, it was found that placing a 10 KH low
P}
o
g pass filter in the circuit removed noise from the signal
B -
A%}
'\: while preserving the signal’s important characteristics.
]
W
®. Figure 8 shows a typical output trace utilizing no filter
'3: and Figure 9 shows a similar output signal using the 10 KH
B
:,: filter. Almost all data taken during this study used the
_ W
. 10 KH filter.
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Outputs of the heat gages and the thermocouple were

recorded on the eight individual channels of the waveform
recorder for varying pressure ratios and Reynolds numbers
with simultanecus sampling of all channels occurring every 2
microseconds. Lower Reynolds number flows were created by
drawing a vacuum in the driven section of the tube. After
each data run, the output of each channel was reviewed on the
computer’s monitor via the MALPAK3 software and stored on
disc to await data reduction.

Experimental data was collected in three plate
configurations. The first runs were taken with the sharp
edge forward while monitoring only the back half of the
plate (Smith, in 1986, investigated the front half). The
majority of the runs involved monitoring the entire length
of the plate with the sharp edge forward, while the
remainder of the runs used the entire length of the plate

with the rounded edge forward.

Data Reduction

It was necessary to determine the Mach number of the
shock wave for each run in order to calculate the theoretical
heat transfer for comparison with experimental results. The
recorded output traces of the thermocouple and selected heat
flux gages provide a means to calculate the shock speed and,
with the known air temperature, the Mach number. Shock passage
produced a very distinguishable feature on each output

trace: an abrupt rise in the signal from the previously

31
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quiescent baseline level. Because each channel of the

Y

;: waveform recorder was sampled simultaneously at a known rate

‘ with all channels being triggered at the same time and since

X the distance between each gage was well known, calculation of

g the shock’s Mach number was a simple matter.

;. Correct interpretation of the experimental results

§ compared to the theoretical values derived using the obser&ed

: Mach number is dependent on the accuracy in determining the

! observed Mach number. As stated above, the Mach numbers were

N calculated using the points of shcck passage on the

? individual output traces. Although use of the 10 KH filter

, greatly improved the ability to distinguish the point of

'i shock passage, it was often quite difficult to choose the

‘i exact passage point because of relatively high noise levels

:\ {mainly for runs involving low strength shock waves). This

;i matter is of concern since the Mach number was very

2]

:f sensitive to the shock passage point found by using the
MALPAK3 software. Depending on the pressure ratio used for

,f the run, a unit change in shock position on the output trace

ij using the MALPAK3 software can amount to a Mach number

N change of 0.1 or greater. This can be significant in its

“5 effect on theoretical heat transfer values. This could be

.é responsible for some of the discrepancies found between

;‘ cxperimental results and theoretical heat transfer values;

!

'\ this will be discussed later. In any event, the shock

v

X passage points were located in a manner which was as

'; consistent as possible,

?
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For the first group of runs, using the sharp leading

edge configuration while monitoring only the back half of the
plate, gages 11, 13 and 16 were used in the Mach number
calculation. For the second group of runs which monitored the
entire length of the plate with the sharp leading edge, the
thermocouple and gages 7 and 16 were originally used for the
calculation of Mach numbers. But due to consistently high
Mach number values in the mid-plate region, the calculations
finally involved using the thermocouple and gages 7, 11 and
16 and an average of the observed Mach numbers from the

front and back ends of the plate. This will be discussed
further in the Results and Discussion section. For the final
group of runs, using the rounded leading edge, the Mach
numbers were calculated in a similar fashion using gages 1,

6, 9 and 14.

A trace of the heat flux gage output (after filtering)
plotted with MALPAK3 software and shown in Figure 9 is
characteristic of the weak shocks generated in this study.
The noise has been reduced considerably by use of the 10 KH
filter. Further reduction in noise level was achieved by
averaging three runs taken under identical conditions.

Figure 10 is the average of three such runs; Figure 9 is

one of the filtered runs which was used in generating the
averaged plot in Figure 10. This not only reduces the noise
in the trace, increasing one’s ability to distinguish
important trace characteristics, but it also demonstrates the

system’s excellent repeatability characteristics.
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h; At the weak shock conditions used in this study, the
ﬁg noise level on the output signal was still great enough to
té' make the calculation of the heat transfer to the plate by
Eg Eq (22) unrealistic. The assumption of a piecewise smooth
{f function was violated by the erratic noise. Therefore, a

{); curve representing the median of the signal was traced

}ig through the averaged plot. Then by using a Hewlett Packard
;§ 9874A Digitizer, the averaged plot was digitized in an

{&; effort to manually smooth the data without disturbing any of
‘25 the trace’s characteristic features. Figure 11 is the

:E. digitized plot of Figure 10.

,2‘ The points of incident shock passage and reflected

>,

;Eﬁ shock passage are identified by the arrows in Figure 10.

ﬁf: Between these points, only the flow conditions induced by the
¢

At{ passage of the incident shock exist; these are the conditions
Si that are the focus of this study. Therefore, only the region
B

:g' of the averaged plot located between those two points was
KX, digitized. Typically, the test time was approximately 4-6
azﬁ milliseconds, generating about 2000-3000 data points. The
e

?&; speed at which the digitizer’'’s cursor was moved along the
i:} averaged trace determined the number of points in the

;g digitized sample; this number was normally on the order of
-:; 1200. Then, since 1200 points required more than an hour to
;; process, the number of sample points was reduced to a value
Aiﬁ between 100 and 200 equally distributed over the test time,
’E depending on which gage’'s trace was digitized. Using more
;ﬂﬁ data points would significantly increase the processing time.
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The filtered output traces obtained by the
instrumentation system can be related to actual physical
events during flow over the flat plate. Figure 12 is a
typical trace of the output from the thermocouple. The
passage of the shock causes an abrupt increase in surface
temperature followed by a period of constant temperatﬁre
indicative of the unstealy laminar boundary layer. The
increase in temperatur= secen immediately after that is the
start of the transition to turbulent flow. The heat transfer
rates associated with these flow phenomena will be discussed

in detail in the next section.
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:”5 V. Results and Discussion

!

f\ Data was obtained for three plate configurations. First,
-S with the sharp end of the flat plate as the leading edge, the
N

i’ thermocouple and heat gages 11 through 16 were used to

]P- record the heat transfer to the plate. Data Sets A through F

; were done in this manner. Since Smith (1986) performed

3” studies on the front half of the same flat plate, this was

\

:g done in order to compare data with Smith’s front half

'E results. Second, to obtain heat transfer data spanning the

3 entire plate (sharp edge forward), the thermocouple and

ti gages 1,2,4,7,11,13, and 16 were used. This configuration

&g yielded Data Sets H through U. Finally, the plate was

(“ turned around so that the rounded edge was used as the

o leading edge. Using gages 14,12,9,6,4, and 1 (leading edge
¥§ to trailing edge), three data sets were taken: V,W, and X.

> Table I lists the test conditions for those three plate

;gé configurations. The reader should note that several runs were
i taken while drawing a vacuum in the driven section of the

‘= tube, indicated by P, values less than the nominal

0y

atmospheric value of 29.2 inches of mercury. These runs were

taken in order to reduce the Reynolds numbers for some flows

-~

and, in some cases, to permit runs to be taken using higher

,-,
PPN | Rttt T AT NN

pressure ratios.

The digitized trace for each heat gage within each data

- -

set was reduced to a heat transfer rate by Eq (22) and

plotted against time, which is referenced from the moment

:~'-
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2 TABLE I
%..
- o
K Test Conditions
e
4 Data Set Py (in Hg) P (in Hg) P, /B T, (°F) M{thr) M(obs)
o a
oo A 88.5 28.5 3.1 79.8 1.27 1.16%
oy
». B 73.8 21.4 3.4 84.2 1.30 1.30%
et
;%& C 59.4 29.4 2.0 85.2 1.16 1.14%
5
i)
by D 69.4 25.0 2.8 86.9 1.24 1.19%
Tpal
. E 44.2 21.9 2.0 80.6  1.16  1.14%
ﬁ'.o
ff. F 37.2 18.4 2.0 81.3 1.16 1.30%
K Oh)
,’.0.::;
) H 44.5 22.0 2.0 78.6 1.16%x  1.24
PRCN
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